Introduction
[2] Surface ozone is a toxic air pollutant. As of 2003 -2005, 157 million people in the United States lived in areas exceeding the ozone National Ambient Air Quality Standards (NAAQS) of 0.08 ppm (8-h average, not to be exceeded more than 3 times per year) [U.S. Environmental Protection Agency (EPA), 2007]. Ozone in the troposphere is produced by photochemical oxidation of volatile organic compounds (VOCs) and carbon monoxide (CO) in the presence of nitrogen oxides (NO x NO + NO 2 ). The lifetime of tropospheric ozone varies from days to months, and the lifetimes of its precursors span an even wider range, making ozone air quality not only a regional problem, but also subject to global change in anthropogenic emissions Wild and Akimoto, 2001; Prather et al., 2003] .
[3] The EPA defines a ''policy-relevant background'' (PRB) ozone for the United States as the surface ozone concentration that would be present in the absence of anthropogenic emissions from North America (United States, Canada, and Mexico). The PRB is an important factor in the NAAQS-setting process, as it represents a baseline of risk not amenable to domestic regulation [U.S. EPA, 2006] . Model studies indicate that the PRB background has a large intercontinental anthropogenic component [Fiore et al., 2002a [Fiore et al., , 2003a and observations show that it has been rising over the past three decades [Lin et al., 2000; Jaffe et al., 2003] .
[4] Future global socioeconomic scenarios (A1B, A1T, A1FI, A2, B1, B2) by the Intergovernmental Panel on Climate Change (IPCC) project major changes in anthropogenic emissions of greenhouse gases and ozone precursors over the 21st century [Intergovernmental Panel on Climate Change (IPCC), 2000]. All scenarios project a global increase of anthropogenic emissions of ozone precursors for 2000 -2050, largely driven by economic growth in developing countries, but three of them (A1B, A1T, B1) project decreasing emissions in North America and Europe. Such a geographical shift in emissions could significantly increase the role of intercontinental transport of pollution as a factor affecting U.S. air quality. Prather et al. [2003] found that all IPCC scenarios for anthropogenic emissions of ozone precursors imply a 2000-2030 increase in surface ozone by 2 -7 ppb over much of the Northern Hemisphere. Unger et al. [2006] calculated an increase of annual mean surface ozone by 2 -5 ppb over the United States by 2030 with the A1B scenario. Fiore et al. [2002a] projected a longer and more intense U.S. ozone pollution season under the A1B emission scenario for 2030 because of a higher background and despite domestic emission reductions.
[5] Another factor affecting background ozone could be the changing climate. A number of studies (summarized in Table 1 ) have used general circulation models (GCMs) to examine the effect of 21st -century climate change on the global tropospheric ozone budget, independently from change in anthropogenic emissions of ozone precursors. Most studies project global ozone decreases due to increasing water vapor shortening the ozone chemical lifetime [Johnson et al., 1999] , but Zeng and Pyle [2003] and Hauglustaine et al. [2005] project a 3% increase by 2100 due to increased stratosphere-troposphere exchange (STE) and natural emissions of ozone precursors.
[6] Fewer studies have examined the effect of climate change on the surface ozone background. From a multimodel ensemble simulation, Dentener et al. [2006] projected that 2000 -2030 climate change will reduce annual mean surface ozone by 0.5-1 ppb over most continental areas including the United States. Murazaki and Hess [2006] calculated a decrease of background ozone by 0-2 ppb in the United States in summer due to 1990 -2090 climate change (A1B scenario). With the 1996-2095 climate change, Lin et al. [2008] found increases in summer surface ozone over the United States by 1 -15 and 0 -7 ppb under the A1FI and B1 scenarios respectively, largely driven by changes in biogenic emissions.
[7] In previous work we used a global chemical transport model (GEOS-Chem CTM) driven by meteorological fields from a general circulation model (NASA/GISS GCM 3) to investigate the effects of 2000 -2050 global changes in climate and anthropogenic ozone precursor emissions (A1B scenario) on ozone air quality in the United States [Wu et al., 2008] . We apply this model here to study the effects on global tropospheric ozone, natural background ozone, and intercontinental transport of ozone pollution to the United States. The A1B scenario is of particular interest as it represents a world where the United States is aggressively reducing its domestic ozone precursor emissions to meet air quality standards, but where the results of these efforts could be compromised by increases in emissions abroad [e.g., Lelieveld and Dentener, 2000; Fiore et al., 2002a] . As we will see, climate change further complicates the picture.
Model Description
[8] The model and emission scenario used in this work are the same as that used by Wu et al. [2008] . We apply the NASA/GISS GCM 3 to simulate 2000 -2050 climate change following the IPCC A1B scenario [IPCC, 2001] . The GCM output is used to drive the GEOS-Chem chemical transport model (CTM) for global simulation of ozone-NO x -VOC-aerosol chemistry. The interface between the GEOS-Chem CTM and the GISS GCM is described by Wu et al. [2007] .
[9] We use the ''qflux'' version of the GISS GCM 3, with a horizontal resolution of 4°latitude by 5°longitude and 23 vertical layers in a sigma coordinate system extending from the surface to 0.002 hPa . Comparison with higher-resolution models and observations shows that although the coarse 4°Â 5°resolution compromises the ability to capture local ozone maxima, it does not induce significant mean bias and can still capture the major factor of ozone variability on synoptic scales [Fiore et al., 2003b; Wu et al., 2008] .
[10] We perform a 1950 -2000 spin-up starting from climate equilibrium to adequately initialize the ocean, using observed trends of the well-mixed greenhouse gases (including CO 2 , CH 4 , N 2 O, and halocarbons), ozone, and aerosols [Hansen et al., 2002] . For 2001 to 2050 we follow the IPCC A1B scenario for the well-mixed greenhouse gases, with CO 2 as calculated in the Bern-CC model [IPCC, 2001] . CO 2 levels reach 522 ppm by 2050. The GISS GCM yields a global mean surface temperature increase of 1.6 K for 2000 -2050. Summertime temperatures increase by as much as 2 -3 K over the United States. The equilibrium climate sensitivity (global mean surface temperature increase following a doubling of atmospheric CO 2 concentration) of the GISS GCM is 2.8 K, in the range of 2.1-4.4 K for the current generation of GCMs [Randall et al., 2007] .
[11] The 2000 -2050 trends in anthropogenic emissions of ozone precursors are based on the IPCC A1B scenario. Fossil fuel NO x emissions decrease by 40% in the United States but rise by 90% globally (Table 2a) . Following Fiore et al. [2002a] , we first derived 2000-2050 growth factors for different categories of anthropogenic emissions (fossil fuel, biofuel, and biomass burning emissions) and for different countries, on the basis of data from the IMAGE socioeconomic model [IMAGE Team, 2001] . These national growth factors were mapped onto the GEOS-Chem model grid and applied to the present-day GEOS-Chem emission inventories to generate the emission inventories for 2050.
[12] For simulations with present-day anthropogenic emissions, the methane mixing ratios are specified with a global mean of 1750 ppb and a 5% interhemispheric gradient based on observations. Methane concentrations have leveled off over the past decade [Forster et al., 2007] , which could reflect stabilization of emissions [Dlugokencky et al., 2003 ], but could also be only a temporary reprieve [Wuebbles and Hayhoe, 2002] . IPCC [2001] projects methane mixing ratio to rise to 2400 ppb by 2050 in the A1B scenario, on the basis of increasing emissions and a methane-OH positive feedback factor [Prather, 1996; Prather et al., 2001 ], but not including the effect of climate change on OH concentrations. 2000-2050 climate change increases OH because of increasing water vapor (Table 1) , thus shortening the methane lifetime.
[13] In our simulations with 2050 climate, we adjust the methane concentrations to ensure consistency in the implied methane emissions with the corresponding simulations with 2000 climate (Table 2a) . For example, in the sensitivity simulations with 2050 climate but present-day anthropogenic emissions, we first set the methane concentrations to Only net ozone production (
be the same as present-day levels, and find that increasing OH increases methane oxidation by 9%. We then apply the methane-OH feedback factor of 1.4 [Prather et al., 2001] and repeat the simulation with a 13% decrease of methane concentration. We verified in all cases that the resulting methane oxidation rate matches that in the corresponding simulation with present-day climate, so that the implied methane emission is indeed the same in both simulations.
[14] Natural emissions of ozone precursors (Table 2b) , including nonmethane VOCs (NMVOCs) from vegetation, and NO x from lightning and soil, are computed locally within the model on the basis of meteorological variables and hence allowed to change in response to climate change. Biogenic emissions of NMVOCs are influenced solely by temperature and solar radiation [Guenther et al., 1995; ]; we do not account for the effects of changes in atmospheric CO 2 concentrations [Constable et al., 1999; Rosenstiel et al., 2003; Centritto et al., 2004] or land cover . The global total isoprene emission rate calculated in our model for the 2000 climate is 430 Tg C a À1 (Table 2b) , which is 14% less than the global emission rate reported by Guenther et al. [1995] , reflecting difference in the driving meteorology. Lightning NO x emissions are parameterized as a function of deep convective cloud top [Price and Rind, 1992; ] and are distributed vertically following Pickering et al. [1998] . Soil NO x emissions are computed as a function of vegetation type, temperature, precipitation, fertilizer usage, and leaf area index [Yienger and Levy, 1995; ]. Further details on the emission inventories are given by and Bey et al. [2001] .
[15] We do not account for possible 2000 -2050 changes in stratosphere-troposphere exchange (STE) of ozone. In all simulations, STE for ozone is represented by the Synoz flux boundary condition [McLinden et al., 2000] with an imposed global annual mean STE flux of 470-530 Tg O 3 a À1 depending on the meteorological year.
[16] Following Fiore et al.
[2003a], we quantify the ozone background over the United States with three groups of simulations: (1) a standard simulation as described above, (2) a PRB ozone simulation excluding anthropogenic emissions of NO x , CO, and nonmethane VOCs (NMVOCs) from North America, and (3) a natural ozone simulation excluding global anthropogenic emissions of NO x , CO, and NMVOCs, and setting the methane mixing ratio to its observed preindustrial value of 700 ppb. We define as anthropogenic the emissions of NO x , CO, and NMVOCs from fuel use, industry, and fertilizer application but not those from open fires (i.e., wildfires, prescribed fires, and agricultural waste burning). Although humans are responsible for most of fire ignition, they are also responsible for most of fire suppression and so the net effect of human activity on fire emissions is highly uncertain.
[17] The standard and PRB ozone simulations were done for four cases to separate the effects of change in climate and change in anthropogenic emissions of ozone precursors:
(1) present-day climate and emissions, (2) 2050 climate and Results are based on 3-year general circulation model averages (1999 -2001 and 2049 -2051 [Wu et al., 2007 [Wu et al., , 2008 .
Global Tropospheric Ozone
[18] Table 3 gives our global budget of tropospheric ozone for the present-day atmosphere and for the different 2000 -2050 perturbations. 2000 -2050 global change in anthropogenic emissions of ozone precursors (not including climate change) increases the global chemical production rate of tropospheric ozone by 30% and the tropospheric ozone burden by 17%. This is mainly driven by the projected increases of anthropogenic NO x and methane emissions (Table 2a) , which are the principal limiting precursors for ozone formation on a global scale ]. The ozone lifetime decreases by 8% because much of the added production is in the continental boundary layer where ozone has a short lifetime [Fiore et al., 2002a] . There is no significant change in mean tropospheric OH due to compensating effects from increasing ozone and NO x versus increases in CO and VOCs; regionally, OH generally decreases over remote areas but increases over regions with increasing NO x emissions.
[19] When only climate change is considered we find that the lifetime of tropospheric ozone decreases by 5% (Table 3) , consistent with previous studies (Table 1) and due to higher water vapor driving ozone chemical loss [Johnson et al., 1999] . However, we also find an 8% increase in global ozone production, so that the tropospheric ozone burden increases by 1.6%. These changes are for the troposphere as defined by tropopause heights for the 2000 climate; tropopause heights generally increase by 0.2-0.6 km in our 2050 climate, which would further increase tropospheric ozone production and burden.
[20] Most previous studies except Zeng and Pyle [2003] and Hauglustaine et al. [2005] found by contrast that the tropospheric ozone burden decreases in the future climate. As shown in Table 1 , this appears to reflect differences in the accounting of the effect of climate change on natural ozone sources. When increases in lightning, soil NO x , biogenic VOCs, and STE are all taken into account, tropospheric ozone is more likely to show an increase in response to 21st -century climate change. We find in our simulation that the principal factor increasing the tropospheric ozone burden in the future climate is the 18% increase of lightning NO x (Table 2b ) due to more frequent deep convection [Del Genio et al., 2007] , which enhances ozone production in the upper troposphere where its lifetime is long [Martin et al., 2002; Labrador et al., 2004 Labrador et al., , 2005 Sauvage et al., 2007; Wu et al., 2007] . Previous studies compiled in Table 1 similarly find 5 -50% increases in the lightning NO x source from the 21st -century climate change.
[21] Our results show a 12% increase in tropospheric OH from 2000 to 2050 climate change. This is on the high end of the range from previous studies (Table 1) , particularly considering that these tended to cover a longer time horizon or stronger climate change. Our result could reflect our correct treatment of the methane-OH feedback factor, which to our knowledge was not considered in previous studies. Tropospheric OH in our simulation would only increase by 8% if we ignored this feedback factor, as discussed in section 2.
[22] We find that the effects of changes in climate and anthropogenic emissions on tropospheric ozone and OH are nearly additive (Table 3 ). The combined effect is to increase the chemical production rate of tropospheric ozone by 39% and the ozone burden by 18%; these increases are dominated by emission changes. On the other hand, the combined effect on tropospheric OH (increase by 12%) is dominated by climate change.
[23] Figure 1a shows our simulated 2000 -2050 changes in the global distribution of tropospheric ozone. The increase due to changes in anthropogenic emissions of Global annual mean budgets. Numbers in parentheses show the percentage changes relative to the 2000 conditions. The tropospheric domain is defined using 2000 tropopause heights in all cases. Transport from the stratosphere provides an ozone source to the troposphere of about 500 Tg a À1 in all simulations (with slight interannual variation of up to 30 Tg a À1 reflecting the year-to-year differences in the model circulation). The ozone budget is defined as that of odd oxygen (O x ); see footnote a in Table 1 ozone precursors extends throughout the troposphere, with the largest effect in the tropics. The largest increase in ozone due to climate change is in the tropical upper troposphere, reflecting the increase in lightning. In contrast, we find that climate change decreases mean ozone levels in the lower troposphere (below 800 hPa) by up to 8%, especially in the tropics and Northern Hemisphere. This decrease reflects the shorter lifetimes of ozone and of peroxyacetylnitrate (PAN), a low-temperature NO x reservoir produced from NO x -NMVOC chemistry that provides a major source of NO x to the remote atmosphere ]. The higher temperature in the future climate reduces the potential for long-range transport of PAN and hence the corresponding source of ozone in the remote troposphere. This effect is most important in the Northern Hemisphere where the continental NO x and NMVOC sources are concentrated and thus where most of the PAN formation takes place. Conversely, less efficient PAN formation increases NO x and hence ozone in polluted source regions [Jacob et al., 1993; Sillman and Samson, 1995] . The large decrease of ozone due to climate change in the upper troposphere at high latitudes also reflects the increase of tropopause heights.
[24] Figure 1b examines more specifically the change in the global distribution of surface ozone (annual mean afternoon concentrations). Changes in anthropogenic emissions increase surface ozone in most of the world, except in the eastern United States where there is a decrease of up to 7 ppb reflecting emission reductions (Table 2a) . Other regions with similar reductions in emissions in the A1B scenario (western United States, western Europe) do not show such decreases because of the compensating effect of the rising background [Lelieveld and Dentener, 2000; Fiore et al., 2002a] .
[25] Changes in climate affect surface ozone in a complicated way, with increases over most polluted continental regions (including the United States) and decreases over the oceans by as much as 5 ppb in the Northern Hemisphere. The continental increases reflect a combination of meteorological and natural emission factors including higher temperature, reduced convective ventilation, decrease in midlatitude cyclone frequency, as well as enhanced biogenic emissions for NMVOCs and NO x , as discussed in detail for the United States by Wu et al. [2008] . The decreases over the oceans reflect the strong influence of increasing chemical loss driven by water vapor [e.g., Johnson et al., 1999], and also (and most strongly in the Northern Hemisphere) the reduced long-range transport of PAN to serve as a NO x reservoir [Wu et al., 2008] .
Background Surface Ozone in the United States
[26] Figure 2 shows the natural summer afternoon ozone levels in surface air for the 2000 climate (anthropogenic emissions shut off worldwide). Values range from 10 to 15 ppb in the eastern United States to 15-25 ppb in the west. The higher values in the west reflect the higher elevation as well as the deeper boundary layer mixing and longer O 3 lifetimes in the arid climate [Fiore et al., 2002b [Fiore et al., , 2003a . Our natural ozone values are consistent with previous preindustrial ozone simulations Mickley et al., 1999; Hauglustaine and Brasseur, 2001; Fiore et al., 2003a] . Lelieveld and Dentener [2000] calculated slightly higher preindustrial ozone mixing ratios of 15 -25 ppb over the United States, which could reflect their higher methane abundance (800 versus 700 ppb) and STE (600 versus 500 Tg a À1 ).
[27] Also shown in Figure 2 is the effect of 2000 -2050 climate change on this natural ozone background. Mixing ratios decrease by up to 1.5 ppb along the coasts, reflecting the general decrease of lower tropospheric ozone over the oceans discussed in the previous section. This effect is compounded in the southeast by increasing biogenic isoprene emissions (Table 2b) , which leads to net ozone destruction under low-NO x conditions [Sillman et al., 1990; Fiore et al., 2005; Wu et al., 2008] . By contrast, we find that the natural background ozone increases by 1 -2 ppb in the southwest and the Great Plains, largely driven by increasing soil NO x emissions due to higher temperatures (Table 2b) .
[28] Figure 3 shows the summer afternoon surface mixing ratios of PRB ozone (defined by shutting off anthropogenic (2050 emissions -2000) , and (bottom right) changes in both (2050 -2000) . Units are in ppb. Note differences in scales.
to 2000 -2100 climate change with the A1B scenario, but they did not account for the effect of changing soil NO x emissions.
[29] Combination of the 2000-2050 changes in climate and anthropogenic emissions outside North America leads to compensating effects on PRB ozone in the eastern United States, where the two effects cancel. In the western United States the effect of changing external emissions is larger so that surface ozone is projected to increase by 1-5 ppb because of the two combined effects. We find that the effects of changes in climate and anthropogenic emissions on PRB ozone are not additive because of the nonlinearity in ozone chemistry.
[30] The increase of PRB ozone in the United States with 2050 anthropogenic emissions is larger during spring, when the ozone lifetime is longer and the intercontinental transport from Asia is stronger than in summer [Liu et al., 2003] . We find that the largest effect is in April, when 2050 emissions increase the PRB ozone by 4 -7 ppb in the western United States and 3 -5 ppb in the east (Figure 4 ). This implies that the 2000 -2050 projected changes in anthropogenic emissions outside North America will not only exacerbate the ozone pollution in the summer but also increase the length of the ozone pollution season, as previously pointed out by Fiore et al. [2002a] .
[31] The effect of 2000 -2050 climate change on PRB ozone is also much larger in April than in summer (Figure 4 versus Figure 3 ) and shows different patterns. There are increases in the northwest (up to 3 ppb) and large decreases in the northeast (up to 10 ppb). These changes appear largely driven by changes in the atmospheric circulation, particularly the northward shifts of the midlatitude westerly flow and the Aleutian Low as results of the greenhouse warming [IPCC, 2007] . The poleward displacement of the midlatitude westerlies reduces the transport of ozone from high latitudes to the northeast while the poleward shift of the Aleutian Low allows more Asian pollution to reach northwest. Changes in boundary layer mixing depth, which expands in the model by up to 200 m in the northwest and shrinks by up to 300 m in the northeast, can also contribute to the changes in PRB ozone.
Conclusions
[32] We investigated the effects of 2000 -2050 global change in climate and emissions on global tropospheric ozone and background surface ozone concentrations in the United States by using a global chemical transport model (GEOS-Chem CTM) with meteorological input from a general circulation model (GISS GCM 3). We considered separately and then together the effects of changes in The A1B scenario describes a future world with rapid economic growth and introduction of new technologies, reduction in regional differences of per capita income, and balanced energy generation from fossil and alternative fuels. The NO x emissions from fossil fuel in that scenario are projected to decrease by 40% in the United States by 2050 but increase by 90% globally.
[33] We began by examining the effects of changing climate and anthropogenic emissions on the global budget of tropospheric ozone. We define as anthropogenic the emissions of NO x , CO, and NMVOCs from fuel use, industry, and fertilizer application but not those from open biomass burning. Our results indicate that the projected 2000 -2050 changes in anthropogenic emissions of ozone precursors would increase the global burden of tropospheric ozone by 17%, reflecting the increase of NO x and methane emissions. In contrast to most previous studies that found the tropospheric ozone burden to decrease with climate change, we find that climate change increases the tropospheric ozone burden by 1.6%. This is largely driven in our model by an 18% increase of NO x emissions from lightning, reflecting increased deep convection, and compensating for the shorter lifetime of ozone due to increased water vapor. Increasing stratosphere-troposphere exchange (STE) due to climate change Zeng and Pyle, 2003; Sudo et al., 2003] is not included in our model and would further increase the tropospheric ozone burden. We find that the largest increase in ozone due to climate change is in the tropical upper troposphere (up to 20%), where ozone is an important greenhouse gas. On the other hand, ozone in the remote lower troposphere is calculated to decrease because of the increase in water vapor. As a result, the background surface ozone imported into the United States is expected to decrease.
[34] We examined the effect of 2000 -2050 climate change on the natural ozone background in the United States (no anthropogenic emissions worldwide). The simulated present-day summer afternoon average mixing ratios of natural ozone in surface air are 10-15 ppb in the eastern United States and 15-25 ppb in the west. The 2000 -2050 climate change decreases natural ozone background in the east by up to 1.5 ppb, reflecting enhanced ozone destruction from increased water vapor as well as increased biogenic isoprene. In contrast, natural ozone background in the southwest and the Great Plains increase by up to 2 ppb, largely driven by soil NO x emissions.
[35] We then examined the effect of 2000 -2050 changes in climate and anthropogenic emissions on the policyrelevant background (PRB) ozone, defined as the ozone that would be present in surface air over the United States in the absence of anthropogenic emissions in North America. The 2000-2050 climate change decreases the summertime PRB ozone in the United States by up to 1 -3 ppb except over the Great Plains where soil NO x emissions cause a small increase. The decrease of PRB ozone as a result of climate change is mostly driven by the decrease of intercontinental pollution enhancement associated with the shorter lifetimes of ozone and PAN in the warmer wetter climate.
[36] The 2000-2050 changes in anthropogenic emissions of ozone precursors outside of North America increase the mean summer PRB ozone by 3 -6 ppb in the western United States and by 2 -3 ppb in the east. The effects of 2000-2050 global changes in climate and anthropogenic emissions on background ozone cancel out for the eastern United States resulting in unchanged PRB ozone in 2050 compared to 2000. For the west, the combined effects are dominated by the effects from changing anthropogenic emissions and the PRB ozone increases by 2 -5 ppb.
[37] The increase of PRB ozone in the United States due to 2000-2050 changes in anthropogenic emissions outside of North America is larger in spring than in summer. We find that the April PRB ozone increases by 4 -7 ppb in the west and 3 -5 ppb in the east, which implies that the ozone pollution season in the United States could become longer. Climate change is also found to have large regional effects on the April PRB ozone in our model through perturbation to atmospheric circulation and mixing depths. The poleward shifts of the midlatitude westerly flow and the Aleutian Low as well as the changes in mixing depth (decreases in the northeast but increases in the northwest) lead to decreases of PRB ozone by up to 10 ppb in the northeast and increases by up to 3 ppb in the northwest.
